Complement-dependent cytotoxicity (CDC) is a potent effector mechanism, engaging both innate and adaptive immunity. Although strategies to improve the CDC activity of antibody therapeutics have primarily focused on enhancing the interaction between the antibody crystallizable fragment (Fc) and the first subcomponent of the C1 complement complex (C1q), the relative importance of intrinsic affinity and binding valency of an antibody to the target antigen is poorly understood. Here we show that antibody binding affinity to a cell surface target antigen evidently affects the extent and efficacy of antibody-mediated complement activation. We further report the fundamental role of antibody binding valency in the capacity to recruit C1q and regulate CDC. More specifically, an array of affinity-modulated variants and functionally monovalent bispecific derivatives of high-affinity anti-epidermal growth factor receptor (EGFR) and antihuman epidermal growth factor receptor 2 (HER2) therapeutic immunoglobulin Gs (IgGs), previously reported to be deficient in mediating complement activation, were tested for their ability to bind C1q by biolayer interferometry using antigen-loaded biosensors and to exert CDC against a panel of EGFR and HER2 tumor cells of various histological origins. Significantly, affinity-reduced variants or monovalent derivatives, but not their high-affinity bivalent IgG counterparts, induced near-complete cell cytotoxicity in tumor cell lines that had formerly been shown to be resistant to complement-mediated attack. Our findings suggest that monovalent target engagement may contribute to an optimal geometrical positioning of the antibody Fc to engage C1q and deploy the complement pathway.
Introduction
Monoclonal antibodies (mAbs), which represent the fastestgrowing class of biological therapeutics, have led to a paradigm shift in the treatment of several hematologic and solid malignances. [1] [2] [3] [4] Unconjugated therapeutic mAbs, upon binding to a target antigen, manifest their biological activity either through antigen-binding fragment (Fab)-dependent agonism or antagonism of a broad network of signaling pathways or by their ability to recruit and activate several Fc-dependent immune effector mechanisms, such as antibody-dependent cell-mediated cytotoxicity (ADCC), antibody-dependent cell-mediated phagocytosis (ADCP), and complement-dependent cytotoxicity (CDC). 5, 6 The latter is considered to be a potent defense cascade of innate immunity, 7, 8 however, the role of complement activation in the anti-tumor efficacy of many therapeutic mAbs remains elusive. 9, 10 To date, the vital role of CDC in the control and eradication of malignant cells has been best illustrated by rituximab, an anti-CD20 mAb approved for various indications. [11] [12] [13] [14] Activation of the classical complement pathway is triggered by the binding of C1q, the first subcomponent of the C1 complement complex, to the Fc region of a cell-bound antibody. 15, 16 Subsequent recruitment of a series of complement proteins that are abundantly present in serum results in the formation of a membrane attack complex (MAC) that mediates the lysis of target cells. 15, 16 Strategies for enhancing the affinity between antibody Fc and activating FcγRs expressed on effector cells are widely employed, and Fc-engineered antibodies with improved ADCC routinely enter clinical development. [17] [18] [19] Nevertheless, the enhancement of antibody-mediated complement activation has proven to be challenging, primarily due to the low affinity of Fc to C1q and the structural intricacy of the IgG1-C1q complex. 9, [20] [21] [22] Attempts to improve the inherent interaction of antibody Fc to C1q, leading to enhanced activation of the complement pathway, have predominantly focused on Fc mutagenesis or glycoengineering. 19, [23] [24] [25] [26] [27] [28] [29] [30] Alternative approaches that have aimed to augment the CDC activity of therapeutic mAbs have included use of combinations of IgG antibodies targeting distinct, nonoverlapping epitopes of the target antigen [31] [32] [33] or the neutralization of complement regulatory proteins that are overexpressed in tumor cells, using blocking antibodies or small interfering RNAs (siRNAs). 34, 35 Previously, Diebolder et al. reported a novel approach to promote antibody-dependent complement activation. 36 In that monumental study, the authors demonstrated that, upon binding to a cell surface target antigen, IgG antibodies form hexameric structures through noncovalent Fc interactions that can better engage C1q. It was subsequently demonstrated that specific point mutations in the Fc region can stimulate IgG hexamerization and induce potentiated complement activation. 37 More recently, Strasser et al. demonstrated that the cell surface antigen density and membrane mobility may dramatically affect the pathways and kinetics of IgG oligomerization and complement activation. 38 Despite these efforts, the interplay of IgG's intrinsic affinity and binding valency to the target antigen in relation to the capacity to recruit C1q and mediate CDC is poorly understood.
We recently reported that the intrinsic affinity of antibody to the target antigen directly influenced the extent and efficiency of ADCC. 39 More specifically, using an array of affinity-modulated anti-CD4, epidermal growth factor receptor (EGFR), and human epidermal growth factor receptor 2 (HER2) model mAbs, we have shown that at saturating antibody concentrations, IgG variants with moderate intrinsic affinities (dissociation constant [K D ]~10-150 nM), similar to those generated by the primary humoral immune response, exhibited ADCC that was superior to that of their affinity-improved counterparts (K D ≤1 nM). We further demonstrated that reformatting these high-affinity bivalent IgGs into monovalent formats resulted in substantial augmentation of ADCC. 39 We speculated that IgG antibodies with faster off-rates are likely to dissociate each binding arm more rapidly, resulting in a higher propensity of monovalent engagement with the target cell. This binding mode promotes enhanced opsonization of the target cell, leading to improved recruitment of effector cells. In the same study, we also unexpectedly found that affinity-reduced anti-CD4 IgG variants induced nearcomplete CDC but the high-affinity parental IgG failed to elicit CDC, suggesting that factors other than improved target cell opsonization may have contributed to the boost in CDC activity. 39 However, the underlying mechanisms were not thoroughly interrogated.
As reported here, we sought to understand how the intrinsic affinity and binding valency of antibody to a cell surface target antigen affect its ability to interact with C1q and promote CDC. To that end, we selected a series of high-affinity anti-EGFR and anti-HER2 therapeutic mAbs that have been previously shown to be deficient in triggering CDC. 32, 40, 41 We then evaluated the capacity of affinity-modulated variants and monovalent derivatives of the high-affinity bivalent IgGs to engage C1q and induce CDC against a panel of EGFR and HER2 tumor cell lines that were formerly shown to be resistant to complement-mediated attack. 35, 42, 43 We show that antibody intrinsic affinity to the target antigen clearly influenced the extent and efficiency of antibody-mediated complement activation. We further report the pivotal role of antibody binding valency in the ability to recruit C1q and regulate CDC. Finally, we discuss the implications of our findings in the development of clinically optimized antibody therapeutics.
Results

Reducing IgG intrinsic affinity enhances CDC activity
To determine the effect of antibody binding affinity to target antigen on the capacity to promote CDC, we selected an inhouse high-affinity anti-EGFR antibody, QD6, and two preaffinity-matured variants thereof, Tdev4 and GLH4. These IgG variants differ by only point mutations in the variable heavy and light chain domains and target an identical epitope on the extracellular domain of EGFR (data not shown). The intrinsic binding kinetics of the three IgG antibodies to EGFR were determined by Octet analysis. We found that variants Tdev4 and GLH4 exhibited approximately 20-and 100-fold reduced affinity, respectively, compared with the high-affinity QD6 IgG (Table 1 ). For assessment of cellular binding and CDC, we selected three tumor cell lines of different histological origins, expressing high levels of EGFR as determined by receptor density analysis ( Supplementary Table S1 ). Notably, MDA-MB-468 and A431 cell lines were previously shown to be insensitive to CDC after treatment with various highaffinity anti-EGFR IgGs, even though both cells express high levels of EGFR antigen. 32, 40, 41 Before the three anti-EGFR variants were tested for CDC, their cellular binding properties were determined by flow cytometry. As we previously demonstrated for other affinity-modulated anti-EGFR antibodies, 39 the low-affinity variants, Tdev4 and GLH4, exhibited lower mean fluorescence intensity (MFI) values than the highaffinity QD6 IgG (Figure 1 (a-c)).
For CDC analysis, antibodies were incubated with target cells in the presence of complement at a final concentration of 10% (vol/vol), and cytotoxicity was determined by a luminescence viability assay. In alignment with our previous findings for affinity-modulated anti-CD4 IgGs, 39 at higher antibody concentrations the low-affinity anti-EGFR variants mediated a greater degree of cell cytotoxicity relative to the high-affinity QD6 IgG (Figure 1 (d-f)). Particularly, the level of CDC activity was inversely correlated with the reduced intrinsic affinity to EGFR. At maximal antibody concentration, the lowest-affinity variant, GLH4, exhibited statistically significant superior cytotoxicity (P < .0001) against all three EGFR-expressing cells in comparison with QD6, whereas the variant Tdev4 mediated statistically significant improved CDC against MDA-MB-468 (P < .01) and HCC827 (P < .0002) cell lines ( Table 2 ). In agreement with data previously reported for other high-affinity anti-EGFR mAbs, 32, 40, 41 the high-affinity QD6 IgG induced very modest CDC against all three cell lines. Consistent with our previous findings with ADCC, 39 there was an inverse correlation between the cell binding signals observed at maximal antibody concentration and CDC potency. This disparity may stem from the different nature of the assays. Cell binding assays are subjected to rigorous cycles of washing after incubation of the antibodies with target cells, and thus antibodies with faster dissociation rates are more susceptible to being washed out from the cell surface than are high-affinity mAbs. In contrast, the CDC assay described in this study is a non-wash assay, allowing low-affinity binders to be retained on the cell surface. Table 2 for statistical analysis and P values. To confirm that the improved CDC observed with the lowaffinity IgG variants was not affected by complement concentration, we compared the CDC activity induced by the anti-EGFR variants in the presence of a lower (5%) and a higher (15%) serum concentration, which again revealed significantly enhanced CDC activity for Tdev4 and GLH4 (data not shown). Furthermore, no CDC activity was detected when the antibodies were incubated in the presence of heat-inactivated (HI) serum (data not shown). Taken together, our findings demonstrate that the intrinsic affinity of QD6 and variants thereof for their target antigen EGFR clearly regulate the extent and efficiency of CDC on tumor cell lines.
Monovalent binding to target antigen augments CDC activity
Inspired by our previous demonstration that reformatting of monospecific bivalent IgG antibodies into monovalent formats resulted in substantial augmentation of ADCC, 39 we tested whether conversion of target-specific IgG antibodies into monovalent derivatives would lead to improved CDC. Using our previously described monovalent bispecific DuetMab platform, 44 we generated monovalent formats of three high-affinity anti-EGFR mAbs, QD6, GA201, and cetuximab, 45, 46 and three high-affinity anti-HER2 IgGs, trastuzumab, pertuzumab, and B1D2. [47] [48] [49] These monovalent DuetMab molecules carried the Fab domain of their IgG counterparts paired with a Fab of a non-binding isotype control IgG (NMGC). 39, 44, 50, 51 Thus, these bispecific DuetMab derivatives are functionally monovalent to their target antigens. The corresponding DuetMab antibodies were produced from mammalian cells, and their oligomeric state and purity were determined as previously described. 44, 50 The intrinsic binding kinetics of the IgG and DuetMab pairs were determined by Octet analysis. It was found that the monovalent DuetMabs retained the intrinsic binding kinetics of the bivalent IgGs from which they were derived (Table 1) .
We selected HER2 as a second target antigen because previous attempts to demonstrate CDC in solid tumor cells with highaffinity anti-HER2 IgGs failed to produce potent activity, suggesting that the classical complement pathway is not likely to be a significant mechanism of action by which HER2 antibodies elicit their biological activity. 35, 42, 43 The HER2-positive tumor cell lines SK-BR-3, BT474, and Calu-3, which were previously shown to be resistant to antibody-mediated CDC using trastuzumab and pertuzumab as monotherapies, 35 were selected for this study. The levels of HER2 antigen on these target cells were determined by receptor density analysis ( Supplementary Table  S1 ). The cellular binding properties of the IgGs and their respective DuetMabs to EGFR and HER2 target cells were determined by flow cytometry. At saturating antibody concentrations, the monovalent DuetMabs displayed approximately two-fold higher binding intensities than their bivalent IgG counterparts (Supplementary Figure S1 ). The enhanced MFI recorded for the monovalent formats stems from an increased number of antibody Fc domains on the cell surface, owing to a 1:1 ratio of Fab to antigen, as opposed to a 2:1 ratio as in the case of the bivalent IgGs. We then compared the levels of CDC activity mediated by the high-affinity IgGs and their corresponding monovalent DuetMab molecules. Consistent with results previously reported for high-affinity EGFR 32, 40, 41 and HER2 35, 42, 43 mAbs, the high-affinity anti-EGFR ( Figure 2 ) and anti-HER2 ( Figure 3 ) as bivalent IgGs exhibited no or minimal CDC activity. In contrast, the corresponding monovalent anti-EGFR ( Figure 2 , Table 2 ) and anti-HER2 ( Figure 3 , Table 3 ) DuetMabs exhibited statistically significant improved CDC at maximal antibody concentration compared with their bivalent IgG counterparts. Intriguingly, the enhanced CDC activity observed after reformatting of the bivalent IgGs into monovalent formats or by the low-affinity EGFR variant GLH4 was more significant than expected, suggesting that factors other than improved target cell opsonization may account for the boost in CDC activity. More specifically, the monovalent binding nature of the DuetMab molecules should yield two-fold excess of antibody Fc available for C1q engagement, which in theory should enhance CDC by only about two-fold. However, all DuetMabs exhibited substantially more than two-fold improvement in CDC compared with their respective IgGs (Figure 2, 3 ). Particularly at saturating antibody concentrations, the QD6/NMGC DuetMab induced near-complete cell cytotoxicity against all three EGFRexpressing cells, whereas the bivalent QD6 IgG mediated only marginal cell cytotoxicity. Comparable results were observed for the anti-EGFR GA201 IgG and GA201/NMGC DuetMab pair against MDA-MB-468 and HCC827 cells and for the anti-HER2 trastuzumab IgG and trastuzumab/NMGC DuetMab pair against SK-BR-3 and BT474 cells. Similarly, the low-affinity variant GLH4 also demonstrated near-complete cytotoxicity against all three EGFR-expressing cells. Our findings are in agreement with those reported by Diebolder et al., in which the conversion of a high-affinity anti-EGFR IgG into a monovalent format strongly enhanced its CDC activity. 36 To further elucidate the role of monovalent versus bivalent binding in the capacity of a mAb to induce potentiated CDC, we compared the levels of cytotoxicity mediated by the DuetMabs and their respective high-affinity IgGs when tested alone or in combination. A 1:1 mixture of the monovalent DuetMab with its paired bivalent IgG resulted in a significant reduction in cell cytotoxicity compared with the activity of the DuetMab alone ( Figure 4 ). These results suggest that a highaffinity IgG, via strong avidity mediated by bivalent binding to a target antigen, can readily out-compete and impair the activity mediated by its monovalent bispecific counterpart.
Collectively, our results suggest that mechanisms other than enhanced target cell opsonization contribute to the enhanced CDC activity of monovalent DuetMabs and affinity-reduced IgG variants. We further demonstrated that reformatting highaffinity bivalent IgGs, which were previously reported to be deficient in triggering CDC, into a monovalent format facilitated efficient eradication of tumor cells that were formerly considered to be insensitive to complement-mediated killing. 32, 35, 41 
Combinations of IgGs targeting distinct epitopes exhibit similar potentiated CDC of monovalent DuetMabs
Previous studies have demonstrated that combinations of anti-EGFR 31, 32 or anti-folate receptor 33 IgGs, targeting distinct epitopes could substantially enhance their CDC activity, whereas combinations of cross-competing mAbs did not induce significant CDC. In this experiment, we sought to e1690959-4 understand how format valency affects the capacity of antibody combinations to regulate CDC.
We first categorized the two groups of anti-EGFR and anti-HER2 IgGs based on their binding epitopes. Antibody epitope binning studies were performed on an Octet by sequential binding to antigen-loaded biosensors (Supplementary Figure S2 ). We identified two epitope groups for each target antigen ( Table 1) . The anti-EGFR antibodies QD6 and GA201 target a similar epitope, as the two IgGs compete with each other's binding, whereas cetuximab binds a distinct epitope. For the anti-HER2 antibodies, pertuzumab and B1D2 recognize a similar epitope, whereas trastuzumab binds a unique epitope.
We then examined the levels of cytotoxicity mediated by a 1:1 mixture of IgGs or DuetMabs targeting distinct or similar epitopes.
Combinations of IgGs that targeted noncompeting epitopes (for anti-EGFR, QD6 + cetuximab and GA201 + cetuximab; for anti-HER2, trastuzumab + pertuzumab and trastuzumab + B1D2) displayed strong synergism, resulting in significantly enhanced CDC compared with the activity mediated by each IgG alone ( Figure 5 ). In contrast, combinations of IgGs targeting overlapping epitopes (for anti-EGFR, QD6 + GA201; for anti-HER2, pertuzumab + B1D2) did not induce significant CDC. Our findings are in agreement with data previously reported for other anti-EGFR and anti-folate receptor IgGs. [31] [32] [33] Conversely, combinations of DuetMabs targeting distinct or similar epitopes did not further augment the potent CDC activity induced by each DuetMab alone. These results suggest that when combined, IgG antibodies that target distinct Table 2 for statistical analysis and P values.
epitopes may adopt structural rearrangements that are similar to those of their monovalent DuetMab counterparts. We speculate that at saturating antibody concentrations, the crowded cell surface environment that is formed after opsonization of two noncompeting IgGs generates substantial steric hindrance, which may force the antibodies into a dominant monovalent binding mode. This imposed binding orientation may create an optimal geometrical positioning of the Fc to better interact with C1q. In contrast, two IgG antibodies with overlapping epitopes are likely to compete for binding, resulting in the higher-affinity antibody interacting bivalently with the target antigen because of a stronger binding avidity, and thus no enhanced CDC was observed. In comparison, the monovalent binding mode of the DuetMab format does not change, regardless of whether the two molecules are targeting distinct or overlapping epitopes, and hence no further augmentation in cytotoxicity was observed.
Complement regulatory proteins impede CDC activity of bivalent IgGs but not monovalent DuetMabs
To further comprehend the role of format valency in the capacity of mAbs to regulate CDC, we examined the effect of silencing membrane-bound complement regulatory proteins (mCRPs) in tumor cells on the ability of monovalent and bivalent antibody formats to elicit CDC. Complement regulatory proteins, including membrane cofactor protein (CD46), decay accelerating factor (CD55), and protectin (CD59), are a group of cell surface Table 3 for statistical analysis and P values. e1690959-6 proteins that can significantly inhibit CDC. 10, 52 These membrane regulators are indispensable for keeping CDC function under check and for preventing complement-mediated attack of normal cells. 10, 52 Previous studies have shown that many tumor cells overexpress mCRPs to attenuate CDC. 42, [52] [53] [54] Neutralization of mCRPs by either blocking antibodies or downregulation with siRNAs was recently reported to enhance the CDC activity of anti-tumor antibodies. 34, 35 In this experiment, we compared the levels of cytotoxicity mediated by the bivalent IgGs and their corresponding monovalent DuetMabs after siRNA silencing of CD46, CD55, and CD59 mCRPs in the EGFR and HER2 tumor cells used in this study. We first confirmed basal expression of mCRPs on the EGFR and HER2 tumor cell lines by flow cytometry (Supplementary Figure S3 ). Next, the tumor cells were transfected with a mixture of siRNAs targeting CD46, CD55, and CD59. Three days after transfection, all six cell lines exhibited significant reduction of mCRP expression as determined by flow cytometry (Supplementary Figure S3 ). We then compared the levels of CDC activity induced by the anti-EGFR and anti-HER2 IgGs and their respective DuetMabs against siRNA-treated and untreated cells. Remarkably, the effect of mCRP silencing on the capacity of anti-EGFR and anti-HER2 IgGs to promote CDC was quite variable and seemed to be both antibody and cell line dependent, whereas the impact of mCRP knockdown on the enhanced potency of all DuetMabs was insignificant (Figure 6, 7) . Specifically, for the anti-EGFR IgGs, QD6 exhibited improved cytotoxicity against siRNA-treated HCC827 cells, but had no significant effect on other tumor cells ( Figure 6(a) ). GA201 demonstrated significantly enhanced cytotoxicity against siRNA-treated MDA-MB-468 cells and marginally improved activity against siRNAtreated A431 cells ( Figure 6(b) ), whereas cetuximab displayed enhanced cytotoxicity against both siRNA-treated MDA-MB-468 and HCC827 cells ( Figure 6(c) ). For the anti-HER2 IgGs, trastuzumab and pertuzumab exhibited significantly enhanced cytotoxicity only against siRNAtreated Calu-3 cells, whereas B1D2 had no significant effect on any of the siRNA-treated cells (Figure 7 (a-c)-c)).
Notably, there was no correlation between the relative expression of mCRPs on the cancer cell lines or the binding epitope recognized by the antibody and the ability of the IgG format to mediate CDC upon mCRP silencing. In contrast, downregulation of the mCRPs did not further significantly improve the potent activity mediated by all EGFR and HER2 DuetMabs ( Figure 6(d-f), 7(d-f) ). Taken together, our findings indicate that monovalent binding to the target antigen seems to play a fundamental role in the capacity of the antibody Fc to interact and recruit C1q and can override the inhibitory effect of mCRPs expressed by target cells.
Monovalent DuetMabs exhibit improved binding association to C1q
To interrogate the underlying mechanisms that contribute to the significant enhancement in CDC activity after the reformatting of high-affinity bivalent IgGs into monovalent formats, we sought to analyze the intrinsic kinetics of monovalent and bivalent antibody formats to C1q. Previous studies have shown that, upon engagement with a target antigen, IgG antibodies assemble at the cell surface into hexameric clusters that can better engage with C1q. 20, 36, 38, 55 It was further demonstrated that several Fc point mutations can stimulate IgG hexamerization and thus enhance CDC. 36, 37 We reasoned that enhanced target cell opsonization due to monovalent binding is probably not the sole contributor to improved CDC, and speculated that the geometrical positioning of the Fc upon monovalent target engagement may be more favorable for C1q binding. Such favorable Fc configuration should enhance the association of C1q with Fc bound to the cell surface. Because accurate measurement of Fc-C1q kinetics on a cell surface is quite challenging to achieve, we attempted to recapitulate cell surface Fc-C1q interactions by using antigen-loaded biosensors on an Octet. To that end, biotinylated antigens were first loaded onto streptavidin sensors. Next, the monovalent and bivalent formats of the anti-EGFR QD6 and anti-HER2 trastuzumab antibodies were allowed to interact with their respective target antigens before association and dissociation measurements were conducted with C1q. The monovalent DuetMabs exhibited enhanced association rates (k on ) compared with their bivalent IgG counterparts ( Table 4 , Supplementary Figure S4) . Specifically, the monovalent QD6 antibody exhibited an approximately three-fold increase in k on relative to the bivalent IgG, whereas trastuzumab as monovalent DuetMab exhibited an approximately four-to five-fold increase in k on when loaded to either a higher density (200 nM) or a lower density (55 nM), respectively, compared with the bivalent IgG counterpart. The latter concentration confirmed that the improved k on values recorded for the monovalent format were not due to DuetMab molecules on the sensors having higher densities than IgGs. For the low-affinity IgGs, we could not obtain stable baselines for accurate determination of Fc-C1q binding kinetics due to their rapid dissociation rates (k off ) (data not shown).
Taken together, these results suggest that monovalent binding to a cell surface target antigen may constitute an optimal geometrical positioning of the antibody Fc to interact with C1q and deploy the complement cascade.
Discussion
Fc-mediated immune effector functions, including ADCC, ADCP, and CDC, are important mechanisms of action and form an essential link between innate and adaptive immunity. 5, 6 Novel Fcengineered antibodies with tailored effector mechanisms that aim to further boost efficacy now frequently enter clinical development. [17] [18] [19] Although extensive efforts have been made to improve the interaction of antibody Fc to C1q, enhancement of antibody-dependent complement activation has proven to be challenging, and, to the best of our knowledge, no CDCenhanced antibodies have entered clinical development. In this study we systemically interrogated the collective role of antibody intrinsic affinity and binding valency to the target antigen in relation to the ability to recruit C1q and regulate CDC. Using an array of high-affinity anti-EGFR and anti-HER2 mAbs, including affinity-modulated variants and monovalent bispecific derivatives, we demonstrated that antibody intrinsic affinity to the target antigen clearly influenced the extent and efficiency of CDC. We further demonstrated that reformatting high-affinity bivalent IgGs previously shown to be deficient in triggering CDC into monovalent bispecific DuetMabs resulted in near-complete eradication of tumor cell lines that were formerly considered to be resistant to complement-mediated attack.
To accentuate the fundamental role of antibody binding valency in the capacity to regulate CDC, we demonstrated that combinations of IgGs targeting distinct epitopes, but not overlapping epitopes, exhibited potentiated CDC activity similar to that of the monovalent DuetMab format, suggesting that, when combined, IgG antibodies that target distinct epitopes may be forced into monovalent binding conformation owing to a significant steric hindrance formed at the crowded cell surface environment. We speculate that this imposed binding orientation may create an optimal geometrical positioning of the antibody Fc to interact with C1q and exert complement activation. Remarkably, the favorable Fc configuration constituted upon monovalent target engagement could override the inhibitory effect of mCRPs because the CDC potency of all anti-EGFR and anti-HER2 DuetMabs was not significantly improved after siRNA silencing of CD46, CD55, and CD59 mCRPs. In contrast, the impact of mCRP knockdown on the ability of the bivalent IgGs to induce CDC was rather variable and appeared to be mutually antibody-and cell line-dependent. To elucidate the underlining mechanisms contributing to the significant improvement in CDC upon reformatting of high-affinity bivalent IgGs into monovalent DuetMabs, we compared the binding kinetics of monovalent and bivalent antibody formats to C1q. We showed here for the first time that the association rates (k on ) of C1q to the Fc of antigen-bound DuetMabs were higher than those recorded for the corresponding antigen-bound IgGs. These results further exemplified the critical role monovalent target engagement plays in founding an optimal docking conformation for the antibody Fc to interact with C1q. Our observations also argue that conditional, target binding-dependent approaches to improve Fc-C1q interaction, may be advantageous over strategies focused on Fc mutagenesis or glycoengineering that enhance the affinity of antibody Fc to C1q independent of target binding, and thus may result in suboptimal complement activation due to binding of the therapeutic IgG in solution to C1q proteins that are abundantly present in the serum.
Asymmetric monovalent bispecific antibodies that resemble natural IgG are currently the dominant bispecific format in clinical development. 56, 57 The monovalent binding nature of this class of molecules is believed to promote improved target selectivity via cross-arm avidity targeting of antigen double-positive cells over single-positive normal tissue. [58] [59] [60] [61] This feature is of substantial importance because it provides attractive opportunities of enhanced efficacy coupled with reduced systemic toxicity that can potentially lead to better drug safety and improved therapeutic index. However, with respect to the ability of monovalent bispecific antibodies to mediate Fc-dependent immune effector functions as a mode of action, the findings we presented here, combined with data we recently reported in relation to the effect of antibody binding valency on the capacity to regulate ADCC, may suggest that monovalent binding of a bispecific antibody to a cell surface antigen on single-positive normal tissue may correspond with substantial augmentation of immune effector functions and potential damaging of nontarget cells. In contrast, concurrent bivalent binding of the bispecific antibody to double-positive target cells will resemble the binding orientation of a natural IgG, and thus may not trigger enhanced Fc-dependent effector mechanisms. Such a scenario may lead to elevated systemic toxicity and overall reduced therapeutic index. A possible solution to decouple Fc-mediated effector functions from the intended mechanisms of action of the bispecific antibody can be achieved by engineering the Fc with a set of mutations that abrogate immune effector mechanisms. [62] [63] [64] In conclusion, the results of our study provide a deeper understanding of factors that regulate CDC and underline the pivotal roles of antibody's intrinsic affinity and binding valency to the target antigen in the capacity to recruit C1q and mediate complement activation. We suggest a careful examination of these key design parameters when developing clinically relevant antibody and bispecific antibody therapeutics. Experiments are in progress to determine the in vivo implications of these findings.
Materials and methods
Cells and media
EGFR-expressing cell lines MDA-MB-468, HCC827, and A431, and HER2-expressing cell lines SK-BR-3, BT474, and Calu-3 were obtained from the American Type Culture Collection. MDA-MB-468 cells were cultured in Leibovitz L-15 medium (Gibco) supplemented with 10% HI fetal bovine serum (FBS) (Gibco). HCC827 and BT474 cells were cultured in RPMI 1640 medium (Gibco) supplemented with 10% HI FBS. A431 cells were cultured in Dulbecco modified Eagle medium (Gibco) supplemented with 10% HI FBS. SK-BR-3 cells were cultured in McCoy's 5a medium (Gibco) supplemented with 10% HI FBS. Calu-3 cells were cultured in Eagle's minimal essential medium (Gibco) supplemented with 10% HI FBS. All cell lines were maintained at 37°C with 5% CO 2 except for MDA-MB-468 cells, which were maintained at 37°C without CO 2 .
Antibodies and sera
The panel of anti-EGFR and anti-HER2 antibodies, whose amino acid sequences were previously reported, [45] [46] [47] [48] [49] 65 were transiently expressed in CHO-K1 cells. Ten days after transfection, culture supernatants were harvested, filtered, and loaded on a 5-mL MabSelect SuRe column (GE Healthcare). After extensive washing, bound antibodies were eluted with IgG elution buffer (Life Technologies) and immediately neutralized with 1 M Tris HCl, pH 8.0 (Gibco). After buffer exchange in phosphate-buffered saline (PBS), pH 7.2 (Life Technologies), antibodies were loaded on a Superdex 200 16/600 column (GE Healthcare) and the monomer fractions were collected. The purity and oligomeric state of the purified antibodies were determined by analytical size exclusion chromatography and Bioanalyzer A (Agilent). The stringent multistep purification process ensured that only highly pure antibodies were obtained and used in the study, and that interference by impurities, especially aggregates, on CDC was excluded, as antibody effector functions are extremely sensitive to aggregates. 66 As a final quality control, before every CDC assay, analytical size exclusion chromatography was used to ensure that every antibody contained more than 99% monomer. For CDC assays, baby rabbit complement (Cedarlane) was used.
Cell binding by antibodies
For all anti-EGFR and anti-HER2 antibodies, flow cytometry was used to determine cell binding profiles. Cells were harvested and resuspended in fluorescence-activated cell sorting buffer (Dulbecco's PBS, pH 7.2 [Life Technologies]; 2% HI FBS; 0.1% NaN 3 ; and 2 mM ethylenediaminetetraacetic acid). A total of 2 × 10 5 cells were transferred into each well of a 96-well U-bottomed plate (Corning) and incubated with three-fold serially diluted antibodies starting at 180 nM at 4°C for 1 hour. After washing, cells were incubated with 1:200 diluted fluorescein isothiocyanate (FITC)-conjugated goat anti-human Fc polyclonal antibody (Jackson ImmunoResearch, Catalog No.: 109-096-098) at 4°C for 45 minutes. After another wash, the plate was run on a BD LSRII flow cytometer (Becton Dickinson). FlowJo software (FlowJo) was used to analyze the binding profiles.
Receptor density quantification
Flow cytometry was used to quantify EGFR or HER2 receptor density on all cell lines. Anti-EGFR GA201 and anti-HER2 trastuzumab IgGs were first labeled with an Alexa Fluor 647 labeling kit (Invitrogen), and their concentrations and fluorochrome-to-protein ratios were measured. Cells were then collected and resuspended in fluorescence-activated cell sorting buffer, after which 2 × 10 6 cells were incubated with AF647conjugated antibodies at saturating concentrations (≥20 μg/mL) at 4°C for 1 hour. After washing, cells were fixed in 1.8% paraformaldehyde and bound antibodies were detected with MACSQuant VYB (Miltenyl Biotec). At the same time, Quantum AF647 MESF (molecules of equivalent soluble fluorochrome) beads (Bangs Laboratories) were analyzed to establish a standard curve. Using the QuickCal program, the calculated MESF was then divided by the antibody fluorochrome-toprotein ratio to give a corrected antibody binding capacity.
CDC
CellTiter-Glo Luminescent Cell Viability Assay (Promega) was used to assess the CDC activity of anti-EGFR and anti-HER2 antibodies. Cells were first harvested and resuspended in assay medium composed of RPMI 1640 medium supplemented with 10% HI FBS. To minimize antibody-independent nonspecific cytotoxicity, every 1 mL of baby rabbit complement was preabsorbed on 1 × 10 6 target cells at 4°C for 20 minutes. A total of 5 × 10 3 fresh target cells in 50 μL of assay medium; 25 μL of threefold serially diluted antibodies starting at 30 μg/mL; and 5 (5% serum concentration), 10 (10% serum concentration), or 15 μL (15% serum concentration) of cleared complement after pre-absorption were added sequentially to each well of a 96-well flat-bottomed white plate, and the volume was increased to 100 μL with assay medium. After 4 hours of incubation at 37°C , the plates were taken out, the supernatant was discarded, and 50 μL of fresh assay medium was added to each well. After the addition of 50 μL of CellTiter-Glo reagents, the plates were incubated at room temperature for 20 minutes and read for luminescence on a Perkin Elmer plate reader. All antibodies were tested in triplicate.
For CDC with HI serum, baby rabbit complement was heat inactivated at 56°C for 30 minutes before use.
Antibody-specific complement dependent cytotoxicity was calculated using the formula: % cytotoxicity = 100 x (1 -E/S), where E is the luminescence with experimental antibody, and S is the luminescence without antibody but with the same concentration of serum.
mCRP knockdown siRNAs against CD46, CD55, and CD59 were obtained from Dharmacon as ON-TARGETplus SMARTpool. A total of 10 6 target cells were seeded into each well of a six-well tissue culture plate (Corning) and transfected with all three siRNA pools, using Lipofectamine RNAiMAX (Life Technologies). At 3 days after transfection, cells were harvested, verified for knockdown of mCRPs, and then used in the CDC assay.
Flow cytometry was used to compare expression of CD46, CD55, and CD59 before and after siRNA treatment. siRNAtreated and untreated cells were incubated with mouse antihuman CD46, CD55, and CD59 antibodies (BD Biosciences, Catalog No.: 555948, 555691, and 555761, respectively) and then stained with FITC-conjugated goat anti-mouse IgG polyclonal antibody (Jackson ImmunoResearch, Catalog No.: 115-095-146). The plate was run on a BD LSRII flow cytometer, and FlowJo software was used to analyze the data.
Binding kinetics measurements
Kinetic measurements to soluble monomeric forms of EGFR (R&D Systems) and HER2 (eBioscience) ligands were measured by biolayer interferometry on an Octet384 instrument (ForteBio). 10 μg/mL of antibodies in Octet buffer composed of PBS, pH 7.2, 3 mg/ml bovine serum albumin, and 0.05% (vol/vol) Tween 20 were loaded on anti-human Fc sensors (ForteBio). After washing, fourfold serially diluted EGFR or HER2 proteins starting at 100 nM were loaded to determine association and dissociation rates.
For assessment of C1q-Fc interaction, 2 μg/ml of biotinylated EGFR or HER2 proteins were loaded on streptavidin sensors (ForteBio), after which anti-EGFR antibodies QD6 IgG and QD6/NMGC DuetMab or anti-HER2 antibodies e1690959-12 trastuzumab IgG and trastuzumab/NMGC DuetMab were loaded on the antigen-loaded sensors. After washing, twoor threefold serially diluted C1q (Quidel, Catalog No.: A400) starting at 1 µM was loaded on the sensors to characterize association and dissociation between C1q and Fc.
For epitope mapping of anti-EGFR and anti-HER2 antibodies, 2 μg/mL of biotinylated EGFR or HER2 proteins were loaded on streptavidin sensors, and then the first antibody was loaded on the antigen-loaded sensors. After the sensors were saturated with the first antibody, the mixture of the two antibodies that needed to be mapped were loaded to detect whether there was further binding.
Statistical analysis
Statistical analysis was performed with one-way analysis of variance followed by Holm-Sidak multiple comparisons test for comparison of three or more parametric variables or unpaired t test for comparison of two parametric variables, in GraphPad version 8 (Prism). Statistical significance was accepted for P < .05 at 95% confidence interval.
